TILTED CAVITY SEMICONDUCTOR LASER (TCSL) AND METHOD OF 

MAKING SAME 



BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

5 The invention pertains to the field of semiconductor devices. More particularly, the 

invention pertains to surface emitting lasers and wavelength-stabilized edge-emitting 
lasers. 

It DESCRIPTION OF RELATED ART 

□ 

"4 The semiconductor laser plays an important role in optical fiber transmission and 

„C 10 signal amplification systems, wavelength division multiplexing transmission systems, 

wavelength division switching systems, and wavelength cross-connection systems, as well 

» as in the field of optical measurements. 

□ 

ru 

One of the major problems with semiconductor lasers is a variation of the energy 
j ,y band gap with temperature resulting in an undesirable temperature dependence of the 

rU 15 wavelength of emitted light, particularly for high output power operation. One approach to 
wavelength stabilization includes using a distributed-feedback laser. Some examples of 
this approach include U.S. Patent No. 3,760,292, entitled "INTEGRATED FEEDBACK 
LASER", issued September 18, 1973, and U.S. Patent No. 4,740,987, entitled 
"DISTRIBUTED-FEEDBACK LASER HAVING ENHANCED MODE 
20 SELECTIVITY", issued April 26, 1988. For an edge-emitting semiconductor laser, 

distributed feedback is generally realized by a lateral modulation of the refractive index 
within the semiconductor or by shape modulation of the optical fiber. Distributed feedback 
enhances the selectivity of the optical modes of laser radiation. The wavelength of the 
emitted light is then fixed by the device design, and its temperature dependence is due to 
25 temperature variations of the refractive indices, which are significantly smaller than those 
of the energy band gap. However, this approach requires very complicated technological 
steps as compared to the epitaxial growth of a conventional laser. 



Another approach includes using a vertical cavity surface emitting laser (VCSEL). 
This typically utilizes both rc-type and p-type multilayer Bragg-stack mirrors formed by 
pairs of alternating high and low refractive index layers. High reflectivity of the mirrors 
leads to a sharp resonance, and the selected wavelength is determined by the cavity 
thickness. Temperature dependence of the wavelength is due to temperature variations of 
the refractive indices. A key point in the design of VCSELs is that layers having different 
refractive indices must be lattice-matched to the substrate. This requirement drastically 
reduces the number of possible materials to be used in Bragg mirrors. Typical Bragg 
mirrors include alternating layers of GaAlAs of differing compositions or alternating 
layers of GaAlAs and GaAs for GaAs-based lasers. In InP based lasers, alternating layers 
of GalnAs, AlInAs, GaAlInAs or GalnAsP of differing compositions are used. The layers 
are adjusted to provide XI 2 periodicity for the light wavelength in the crystal. Since the 
difference in refractive indices between the alternating layers is rather small, in order to 
achieve the high reflectivity required for laser operation, a typical mirror requires 
anywhere between 20 and 100 layers for different materials typically used for fabrication 
of Bragg reflectors. A major disadvantage of the conventional Bragg-stack mirror 
configuration is that between 40 to over 200 high quality layers may be required to 
fabricate a complete VCSEL. 

Therefore, there is a need in the art to reduce the number of layers needed for 
fabricating mirrors. Prior art in this field includes a laser incorporating guided-mode 
resonance effects as disclosed in U.S. Patent No. 6,154,480, entitled "VERTICAL- 
CAVITY LASER AND LASER ARRAY INCORPORATING GUIDED-MODE 
RESONANCE EFFECTS AND METHOD FOR MAKING THE SAME", issued 
November 28, 2000. In this patent, one (or two) of the Bragg mirrors are replaced by a 
grating forming a wave-guide for an optical mode in the lateral direction. Due to 
diffraction at the grating, the emitted light at a certain wavelength is coupled to a wave- 
guide mode, thus providing high reflection from the grating layer required for lasing. A 
serious disadvantage of this design is unavoidable lithographical steps in fabricating one 
or two gratings with a lateral periodicity, which do not allow fabricating a laser in a single 
epitaxial process. Moreover, in the practically more acceptable situation where only one 
top grating is used, the bottom Bragg reflector still has all of the limitations and 
disadvantages characteristic of a conventional VCSEL. 



Therefore, there is a need in the art for a surface emitting laser which avoids multi- 
layered Bragg mirrors, and, more generally, a method for fabricating the complete 
structure of a wavelength-stabilized laser in a single epitaxial process. 

SUMMARY OF THE INVENTION 

A novel class of semiconductor lasers, or "tilted cavity lasers" includes at least one 
active element with an active region generating an optical gain by injection of a current 
and mirrors. The active element is placed into a cavity. The cavity is designed such that 
the optical path of the resonant optical mode is tilted with respect to both the vertical 
direction and the lateral plane. Thus, the feedback both in the vertical and in the lateral 
direction is provided for the resonant optical mode. Depending on the particular 
embodiment, the laser operates as both a surface emitting laser and an edge-emitting laser. 
Employing a tilted optical mode allows the use of substantially fewer layers in the bottom 
and the top interference reflectors than in conventional lasers. This preserves the 
necessary high reflection coefficients. Also, a wavelength-stabilized laser is realized for 
edge-emitters. The wavelength stabilization is due to the difference in the dispersion laws 
for the tilted optical modes in layers having different refractive indices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a schematic diagram of the prior art of a vertical cavity surface emitting 
laser. 

Fig. 2 shows a schematic diagram of a tilted mode of the cavity surrounded by two 
multilayered interference reflectors. 

Fig. 3 shows a schematic diagram of a tilted mode of the cavity where light exhibits the 
total internal reflection from the reflectors, and reflectors with a single layer each 
are used. 

Fig. 4 shows a schematic diagram of one embodiment of the present invention, in which 
an optical aperture made by selective partial removal of multilayered reflector 
provides the light output in the vertical direction. 
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Fig. 5 shows a schematic diagram of one embodiment of the present invention, in which 
an optical aperture made by an additional deposited layer on top of the 
multilayered interference reflector provides the light ouput in the vertical direction. 

Fig. 6 shows a schematic diagram of a particular structure of the present invention 

comprising a cavity, a three-period bottom interference reflector, and a three- 
period top interference reflector. 

Fig. 7 shows the radiative losses for tilted optical modes calculated for the structure of Fig. 
6 versus the tilt angle # . 

Fig. 8 shows the same schematic diagram of the radiative losses for tilted optical modes 
calculated for the structure of Fig. 6 presented as a function of the wavelength of 
emitted radiation. 

Fig. 9 shows a schematic diagram of a cavity including two layers having different 

refractive indices where the active layer is placed within one of the two layers of 
the cavity. 

Fig. 10 shows a schematic diagram of a cavity including two layers having different 

refractive indices where the active layer is placed at the boundary between the two 
layers. 

Fig. 11 shows the radiative losses calculated for the tilted optical mode in the cavity of 
Fig. 10 as a function of the wavelength. 

Fig. 12 shows the radiative losses calculated for different lateral optical modes for the 
cavity of Fig. 10. 

Fig. 13 shows the radiative losses for tilted optical modes calculated for the structure of 
Fig. 3 versus the tilt angle # . 

Fig. 14 shows the same schematic diagram of the radiative losses for tilted optical modes 
calculated for the structure of Fig. 3 presented as a function of the wavelength of 
emitted radiation. 



Fig. 15 shows a schematic diagram of another embodiment of the present invention, in 

which an absorbing element including an absorbing region is placed on top of the 
top reflector. 

Fig. 16 shows a schematic diagram of another embodiment of the present invention, in 
which the top multilayered interference reflector is partially etched to provide 
feedback in the lateral direction for the tilted optical mode. 

Fig. 17 shows a schematic diagram of another embodiment of the present invention, in 

which a grating is fabricated on top of the top multilayered interference reflector to 
provide feedback in the lateral direction for the tilted optical mode. 

Fig. 18 shows a schematic diagram of another embodiment of the present invention, in 
which the cavity includes an active element and a phase control element which 
includes a Stark modulator. 

Fig. 19 shows a schematic diagram of another embodiment of the present invention, in 
which the cavity includes an active element and a phase control element which 
includes a Stark modulator and an optical aperture on top of the top multilayered 
interference reflector provides the light output. 

Fig. 20 shows a schematic diagram of another embodiment of the present invention, which 
includes an absorbing element placed on top of the top reflector. 

Fig. 21 shows a schematic diagram of another embodiment of the present invention, in 
which the cavity includes an active element and a phase control element. 

Fig. 22 shows a schematic diagram of another embodiment of the present invention, in 
which the cavity includes an active element and a power modulating element. 

Fig. 23 shows a schematic diagram of another embodiment of the present invention, in 

which the cavity includes an active element, a phase control element and a power 
modulating element. 
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Fig. 24 shows a schematic diagram of another embodiment of the present invention, in 
which the cavity includes an active element and a modulator providing an 
enhanced temperature stabilization of the wavelength of emitted light. 

Fig. 25 shows the principle of the wavelength stabilization against variations of 
5 temperatures by using a modulator. 

Fig. 26 shows a schematic diagram of another embodiment of the present invention, in 
which the tilted cavity device works as a wavelength-selective photodetector 
detecting incident light coming in the vertical direction. 

Fig. 27 shows a schematic diagram of another embodiment of the present invention, in 
which the tilted cavity device works as a wavelength-selective photodetector 
detecting light coming in the lateral direction. 

Fig. 28 shows a schematic diagram of another embodiment of the present invention, in 
which the tilted cavity device works as a wavelength-selective amplifier. 

DETAILED DESCRIPTION OF THE INVENTION 

A prior art surface emitting laser, or more specifically, a vertical cavity surface 
emitting laser (VCSEL), is shown in Fig. 1. In a surface emitting laser, an active region is 
generally put into a cavity. An undoped or weakly doped active region is surrounded by 
n- and p- contact layers, which are generally surrounded by mirrors. The structure is 
grown epitaxially on a substrate (10). Bragg reflectors are used for the bottom mirror 
(102). The rest of the VCSEL is an active element. 

A current aperture (13) separates an n-doped current spreading layer (14) having a 
first metal contact (15), from the weakly doped confinement layers (16) surrounding the 
active region (17). A second current aperture (13) separates the weakly doped confinement 
layer (16) from a p-doped current spreading layer (18) having a second metal contact (19). 
25 The n-doped current spreading layer (14) sits directly on top of the bottom mirror (102). 
The active element operates under forward bias (11). The active region (17) generates 
light. Confinement layers (16) serve to provide electronic confinement for the carriers 
trapped in the active region. The light comes out (112) through the top mirror (1 10). 
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The substrate (10) can be formed from any III-V semiconductor material or III-V 
semiconductor alloy, e.g. GaAs, InP, GaSb. GaAs or InP are generally used depending on 
the desired emitted wavelength of laser radiation. The n-doped layer (14) must be formed 
from the material lattice-matched or nearly lattice-matched to the substrate (10), 
transparent to the generated light, and doped by donor impurities. The n-doped layer (14) 
is preferably the same material as that of the substrate (10), e.g. GaAs. Possible donor 
impurities include, but are not limited to, S, Se, Te, and amphoteric impurities like Si, Ge, 
Sn where the latter are introduced under such technological conditions that they are 
incorporated predominantly into the cation sublattice and serve as donor impurities. 

The p-doped layer (18) must be formed from a material, lattice-matched or nearly 
lattice-matched to the substrate (10), transparent to the generated light, and doped by an 
acceptor impurity. The p-doped layer (18) is preferably the same material as the substrate 
(10), e.g. GaAs. Possible acceptor impurities include, but are not limited to, Be, Mg, Zn, 
Cd, Pb, Mn and amphoteric impurities like Si, Ge, Sn where the latter are introduced under 
such technological conditions that they are incorporated predominantly into the anion 
sublattice and serve as acceptor impurities. 

The metal contacts (15) and (19) are preferably formed from the multi-layered 
metal structures. Metal contacts (15) are preferably formed from structures including, but 
not limited to, the structure Ni-Au-Ge. Metal contacts (19) are preferably formed from 
structures including, but not limited to, the structure Ti-Pt-Au. 

The confinement layers (16) must be formed from a material lattice-matched or 
nearly lattice-matched to the substrate (10), transparent to the emitted light, and undoped 
or weakly doped. The confinement layers are preferably formed from the same material as 
the substrate (10). 

The active region (17) placed within the confinement layer (16) is preferably 
formed by any insertion, the energy band gap of which is narrower than that of the 
substrate (10). Possible active regions (17) include, but are not limited to, a single-layer or 
a multi-layer system of quantum wells, quantum wires, quantum dots, or any combination 
thereof. In a case of the device on a GaAs-substrate, examples of the active region (17) 
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include, but are not limited to, a system of insertions of InAs, In l x Ga x As, In x Ga^ y Al y As, 
I^Ga^As^Ny or similar materials. 

Each layer is separated from the neighboring layer by a current aperture (13) that 
works as a current blocking layer and can be formed from a material including, but not 
limited to, an Al(Ga)0 layer or a proton bombardment layer. 

Different designs for the bottom mirror (102) and for the top mirror (1 10) can be 
used, as described, e.g. in D.G. Deppe, Optoelectronic Properties of Semiconductors and 
Superlattices (Vol. 10, Vertical -Cavity Surface-Emitting Lasers: Technology and 
Applications, edited by J. Cheng and N.K. Dutta, Gordon and Breach Science Publishers, 
2000, pp. 1-61). Typical designs include, but are not limited to, a multi-layered 
semiconductor mirror GaAs/Ga,_ x Al x As for devices on GaAs substrate or a multi layered 
structure of a quaternary alloy In x Ga^ y Al y As with alternating composition for devices on 
an InP substrate. 

A disadvantage of using this design is the need to fabricate Bragg mirrors with an 
extremely large number of layers because there is a very restricted choice of materials 
suitable to create Bragg mirror layers. All of the layers must be lattice-matched or nearly 
lattice matched to the substrate. For GaAs-based VCSELs, these layers are AlAs and Ga,. 
x Al x As alloys. For the emitted wavelength X=0.98 \im, the difference in refractive indices 
between GaAs and AlAs is rather small (An=0.57), and about 30 periods (60 layers) are 
needed in a Bragg mirror to reach 99.5% reflectivity (see, e.g., U.S. Patent No. 6,154,480). 
For InP-based VCSELs, a suitable lattice-matched material is the alloy Ga 0 47 In 053 As and 
corresponding quaternary alloys In x Ga lx As Uy P y with the composition (x, y) obeying the 
relation x = 1 - 0.47(l - y) or quaternary alloys In x Ga,. x .. y Al y As with the composition 
x = 0.53 and arbitrary y . The difference in refractive indices between the layers is in this 
case even smaller (An ~ 0.3 ), and about 100 periods (200 layers) are needed in the Bragg 
mirror. 

The present invention solves the problem of the requirement for a large number of 
layers by using an active element designed such that the resonant optical mode is tilted to 
the mirrors. Since the reflection coefficient of the incident light increases with the tilt 



angle when light reflects from a single boundary between the two layers, a necessarily 
high reflection coefficient, for example 0.995, may be achieved from a resonant 
multilayered mirror having a significantly smaller number of layers than in conventional 
VCSELs. In particular, if the angle of incidence exceeds the angle of the total internal 
reflection at the boundary between the two layers, a reflector may comprise a single layer 
with a refractive index lower than that of the cavity. The laser of the present invention is 
called a "tilted cavity laser" herein. Specific examples of semiconductor devices using this 
design include photodetectors and amplifiers. 

If the cavity comprises at least two layers having different refractive indices, the 
resonant conditions in both materials stabilize both the wavelength of emitted light and the 
tilt angle of the optical mode. Alternatively, wavelength stabilization is realized if the 
cavity is just a single layer surrounded by multilayered interference mirrors. Resonant 
conditions in both the cavity and the layer of the multilayered mirror having a different 
refractive index from that of the cavity stabilize both the wavelength of emitted light and 
the tilt angle of the optical mode. In another embodiment, the optical mode is used to 
exhibit the total internal reflection at the boundaries between the two semiconductor 
layers. The interplay between the radiative losses through the bottom and the top mirror, 
on the one hand, and through the side surface, on the other hand, stabilizes the wavelength 
of emitted light. 

In one embodiment, a phase control element that contains a modulator exhibiting a 
strong narrow optical absorption peak on a short wavelength side from the wavelength of 
the laser generation is added to the laser. Wavelength control is realized by using an 
electro-optical effect. If a reverse bias is applied, the absorption maximum is shifted to 
longer wavelengths due to the Stark effect. If a forward bias is applied, a current is 
injected and results in the bleaching and reduction of the peak absorption. In both cases, a 
strong modulation of the refractive index occurs in the phase control element. The effect 
tunes the wavelength of the cavity mode. 

In another embodiment, a power modulating element that contains an absorber 
exhibiting a moderate or weak optical absorption peak on a short wavelength side from the 
wavelength of the laser generation is added to the laser. Power modulation is realized by 
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using an electro-optical effect. If a reverse bias is applied, the absorption maximum is 
shifted to longer wavelengths due to the Stark effect. This increases the internal losses of 
the optical mode and reduces the output power. If a forward bias is applied, a current is 
injected and results in the bleaching and reduction of the peak absorption, thus reducing 
internal losses of the optical mode and increasing the output power. 

Fig. 2 illustrates schematically the principle of a laser using a tilted optical mode. 
The device (200) comprises the cavity (220) surrounded by the bottom reflector (202) and 
the top reflector (210). The cavity (220) includes an active region (107) surrounded by 
weakly doped or undoped confinement layers (106). The substrate, current spreading 
layers, metal contacts, and the bias are not shown in this figure for simplicity. Both the 
bottom reflector (202) and the top reflector (210) are resonant multi-layered structures 
exhibiting a high reflectivity in a certain range of angles and wavelengths. The number of 
layers within each reflector (202) and (210) is variable. Although each reflector (202) and 
(210) is multilayered in this figure, either or both of the reflectors could also comprise 
only a single layer (see Fig. 3). The inset defines the tilt angle # of the incidence of light 
on the boundary between the layers. 

The reflectors (202) and (210) comprise layered structures of the same materials as 
conventional mirrors (102) and (110), but contain fewer layers. Also, layers having a high 
refractive index, on the one hand, and layers having a low refractive index, on the other 
hand, may differ significantly in thickness. The optical path of a tilted mode (213) is 
shown as a closed line. The feedback in the vertical direction is provided by the bottom 
(202) and top (210) reflectors. For this particular embodiment, the feedback in the lateral 
direction is provided by the side mirrors (221) of the cavity (220). 

Fig. 3 illustrates schematically the principle of a laser using a tilted optical mode 
and operating under conditions of total internal reflection from the bottom and the top 
reflectors. The device (300) comprises the cavity (320) surrounded by reflectors (302) and 
(310). The cavity (320) includes ah active region (107) surrounded by undoped or weakly 
doped confinement layers (106). The substrate, current spreading layers, metal contacts, 
and the bias are not shown in this figure for simplicity. The optical path of a tilted mode 
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(313) is shown as a closed line. Both the bottom reflector (302) and the top reflector (310) 
are single layers providing significant attenuation of the optical mode. 

Each of the layers (302) and (310) are preferably lattice-matched or nearly lattice- 
matched to the substrate, transparent to the emitted light, and have refractive index 
5 n 2 lower than the refractive index n, of the cavity (320). A laser generating a tilted optical 
mode can emit light both in the vertical direction to operate as a surface emitting laser and 
in the lateral direction to operate as an edge-emitting laser. 

A more detailed consideration is possible in a practical case where the lateral 
dimension (L) of the active region is larger than its vertical thickness (D), i.e. 

q 10 L»D, (1) 

a 



up 



as shown both in Fig. 2 and in Fig. 3. 



In a simpler case of Fig. 3 the structure may be treated as a three-layer slab wave- 
» guide. Then, the electric field in a TE optical mode can be described as follows (H.C. 

j'y Casey, Jr. andM.B. Panish, Heterostructure Lasers, Part A, Academic Press, New York, 

!"* 15 1978, pp.34-57) 

ru 

a r i 

fU E y =C,cos(^)exp[-K:|z|J > if z<0; (2a) 

E y = cos(k x xfAcos(k z z) + Bsm(k z z)l if 0 < z < D ; (2b) 

E y = C 2 cos(k x x)exp[- k(z - D)l if z> D. (2c) 

The components of the wave vectors k x and k z are connected by the dispersion relation in 
20 the active region: 



k 2 x+ k 2 z =ni 



(3) 



and the attenuation coefficient k: is determined from the dispersion relation in the 
reflectors: 
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ki-K 2 =*d=- . (4) 



Here X is the wavelength of the emitted light in the vacuum. Allowed wave vectors k x may 
be found by a standard procedure when boundary conditions at z = 0 and z = £> are 
imposed. 

To analyze different types of optical modes in the cavity, it is convenient to 
characterize them by the wavelength A and the angle # as defined in Fig. 2. Then 
2n 

k = n, sin# . Conditions of the total internal reflection at the boundary between the 

A 

active region and the neighboring layers (302) and (310) are satisfied if 

sin#>^ . (5) 

For the wavelength A =0.98jxm, we substitute the refractive index r\ =3.52 (as that of 
GaAs) and n 2 =2.95 (as that of AlAs), and obtain # > 57° . If the optical mode satisfies Eq. 
(5), then the structure of Fig. 3 allows confinement of the optical mode in the cavity and 
high reflection coefficients from the reflectors. 

For smaller tilt angles 
sin#<^, (6) 

the light propagates in the layers with the refractive index n 2 . Then the structure of Fig. 2 
having multi -layered interference reflectors allows confinement of the optical mode. For a 
tilted optical mode, fewer layers in the reflectors are necessary as compared to the mode of 
normal incidence. 



The resonant optical mode coming out through the reflectors still can not come out 
to the vacuum if the tilt angle & exceeds the angle of total internal reflection at the 
boundary "semiconductor- vacuum", i.e. 
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— <sin#. (7) 

For GaAs these are the angles # > 17° . For smaller angles of incidence, there is hardly 
any advantage with respect to conventional VCSELs. Thus, one needs a way to provide 
the output of light in the vertical direction for tilted optical modes. 

5 Another embodiment of the present invention is possible, in which the cavity is 

surrounded by a multi-layered interference reflector, from the one side, and by a single- 
layered reflector, from the other side. The multi-layered interference reflector comprises a 
sequence of layers with alternating refractive indices riy and n 2 , and the angle of incidence 

M n 

n of the tilted optical mode # is chosen such, that sin # < — , thus the total internal 

a ' 

p 10 reflectance does not occur at the boundary between the layers comprising the multi- 
»P layered reflector. The single-layered reflector is then a layer having a refractive index 

n 3 such that sin# > — , and the total internal reflectance occurs at the boundaries between 

□ 1 

f U the cavity having the refractive index r\ and the reflector having the refractive index n 3 . 

l s U Possible embodiments include, but are not limited to a structure, in which the cavity is a 

a 

rU 15 layer of GaAs, the multi-layered reflector is a sequence of layers GaAs and Gaj x2 Al x2 As, 
the single-layered reflectance is a layer of Ga t x3 Al x3 As, and x 3 > x 2 . In such a device, a 

bottom reflector can be a multi-layered interference reflector, and a top reflector can be a 
single-layered reflector. Alternatively, a bottom reflector can be a single-layered reflector, 
and a top reflector can be a multi-layered reflector. 

20 Fig. 4 shows an embodiment of the present invention where an optical aperture 

(414) is created by selective partial removal of several layers of the top reflector (410). To 
form the active region, a current aperture (103) separates an n-doped current spreading 
layer (104) having a first metal contact (105), from the weakly doped or undoped 
confinement layers (106) surrounding the active region (107). A second current aperture 

25 (103) separates the weakly doped or undoped confinement layer (106) from a p-doped 
current spreading layer (108) having a second metal contact (109). The active element 
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operates under forward bias (111). The active region (107) generates light. Confinement 
layers (106) serve to provide electronic confinement for the carriers trapped in the active 
region (107). 

The substrate (101) can be formed from any III-V semiconductor material or IH-V 
semiconductor alloy, e.g. GaAs, InP, GaSb. GaAs or InP are generally used depending on 
the desired emitted wavelength of laser radiation. The n-doped layer (104) is preferably 
formed from the material lattice-matched or nearly lattice-matched to the substrate (101), 
transparent to the generated light, and doped by donor impurities. The n-doped layer (104) 
is preferably the same material as that of the substrate (101), e.g. GaAs. Possible donor 
impurities include, but are not limited to, S, Se, Te, and amphoteric impurities like Si, Ge, 
Sn where the latter are introduced under such technological conditions that they are 
incorporated predominantly into the cation sublattice and serve as donor impurities. 

The p-doped layer (108) is preferably formed from a material, lattice-matched or 
nearly lattice-matched to the substrate (101), transparent to the generated light, and doped 
by an acceptor impurity. The p-doped layer (108) is preferably the same material as the 
substrate (101), e.g. GaAs. Possible acceptor impurities include, but are not limited to, Be, 
Mg, Zn, Cd, Pb, Mn and amphoteric impurities like Si, Ge, Sn where the latter are 
introduced under such technological conditions that they are incorporated predominantly 
into the anion sublattice and serve as acceptor impurities. 

The metal contacts (105) and (109) are preferably formed from the multi-layered 
metal structures. Metal contacts (105) are preferably formed from structures including, but 
not limited to, the structure Ni-Au-Ge. Metal contacts (109) are preferably formed from 
structures including, but not limited to, the structure Ti-Pt-Au. 

The confinement layer (106) is preferably formed from a material lattice-matched 
or nearly lattice-matched to the substrate (101), transparent to the emitted light, and 
undoped or weakly doped. The confinement layers (106) are preferably formed from the 
same material as the substrate (101). 

The active region (107) placed within the confinement layer (106) is preferably 
formed by any insertion, the energy band gap of which is narrower than that of the 
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substrate (101). Possible active regions (107) include, but are not limited to, a single-layer 
or a multi-layer system of quantum wells, quantum wires, quantum dots, or any 
combination thereof. In a case of the device on a GaAs-substrate, examples of the active 
region (107) include, but are not limited to, a system of insertions of InAs, In Ix Ga x As, 
I^Ga^AlyAs, In^Ga^ASj.yNy or similar materials. 

Each layer is separated from the neighboring layer by a current aperture (103) that 
works as a current blocking layer and can be formed from a material including, but not 
limited to, an Al(Ga)0 layer or a proton bombardment layer. 

The tilted cavity (420) includes layers (103), (104), (105), (106), (107), and (108). 
The tilted cavity (420) is confined by the bottom reflector (202) and the top reflector (410) 
in the vertical direction. The tilted cavity (420) is confined by the current apertures (103) 
in the lateral plane. The resonant optical mode (413) light comes through the top reflector 
(410). Without an optical aperture (414), light does not come out of the structure, due to 
the total internal reflection from the boundary with the vacuum. The optical aperture (414) 
results in diffraction of light, and some diffracted components of light come out (412). The 
particular geometrical embodiment is calculated by solving a three-dimensional problem 
of the light propagation in an inhomogeneous medium by using, e.g., a method developed 
in R.D. Meade et al. Accurate theoretical analysis of photonic band-gap materials (Phys. 
Rev. B 48:11, 1993, pp. 8434-8437). In particular, typical embodiments include, but are 
not limited to, structures in which the active region (107) is placed at the maximum of the 
intensity of the tilted optical mode (413). 

Fig. 5 shows another embodiment of the present invention, in which an optical 
aperture (514) is introduced on top of the top multilayered reflector (210). The cavity 
(520) includes layers (103), (104), (105), (106), (107), and (108). The light of the resonant 
optical mode (513) comes through the top reflector (210). Some diffracted components of 
light provide the light output (512) in the vertical direction. 

To calculate the resonant optical mode, which is selected by any given 
embodiment, one may consider the radiative losses of the tilted optical mode (213), 

<*rad =<X b o«om+ato P + <*si<le . ( 8 ) 
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where the losses via the bottom, top, and side surfaces of the structure of Fig. 2 equal: 

U T bottom 

a^=— In— , (9b) 

Wop 

a^=— In . (9c) 

r side 

Amplitude reflection coefficients from the bottom and top Bragg mirrors r bottom and 
r t may be calculated by using the method described in detail in M. Born and E. Wolf, 
Principles of Optics (6th edition, Pergamon Press, (1980) pp. 1-70). 

Amplitude reflection coefficient from the side surface may be easily written in case 
of a thick cavity, where the optical mode may be approximated by a plane wave with the 
given k z . Then 



k _ It 2 -k 2 

= 2* V*° Z± § (10) 

K + V^O " *z 

2n 

where k Q = — is the wave vector of light in the vacuum. Equation (10) can be extended 
A 

to an actual profile of the optical mode in the z -direction by applying the method 
described in the book by H.C. Casey, Jr. and M.B. Panish, Heterostructure Lasers, Part A 
(Academic Press, New York, 1978, pp.71-79). The method is based on the approximation, 
that the difference in refractive index between semiconductor layers is smaller than that 
between semiconductor and vacuum, i.e. 

k-n 2 | «^ -1. (11) 



Then Eq. (10) for the amplitude reflection coefficient can be generalized as 



17 



_*«-(£) 



(12) 



Here the quantity (& x ) is the average 




(13) 



and E y (k z ) is the Fourier transform of the electric field strength in the optical mode, 



fi y (*J=J&B y (z)exp(-a z z)- 



(14) 



Fig. 6 displays a particular example of the cavity, for which the radiative losses 
have been calculated. The bottom and the top Bragg reflectors (202) and (210) comprise 

alternating layers of GaAs (refractive index = 3.52 ) and Ga Q 75 A1 Q 25 As (refractive 

index n 2 = 3.38 ). The multilayered reflectors (202) and (210) are constructed as 
0.25A/1.75A 3-layered structures. The thickness of the active region D = 964 nm, the 
thickness of GaAs-layers in the reflectors equals H l = 241nm, and the thickness of 

Ga Q 75 A1 0 25 As layers is H 2 = 2691 nm. The lateral dimension of the cavity is L = 50 jxm. 

Fig. 7 displays the radiative losses of the tilted optical mode calculated by means 
of Eqs. (8), (9) and (12) for the given cavity as a function of the angle & . At small and 
medium tilt angles, the losses are due mainly to the transmission of light through the 
bottom and the top multilayered reflectors. At large tilt angles, the losses are due mainly to 
the transmission of light through the side surface of the cavity. Fig.7 displays a sharp 
minimum of the radiative losses at an angle - 72°. This minimum provides efficient 
selection of optical modes, which are generated by the given laser structure. 
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Fig. 8 displays the radiative losses close to the minimum of a rad as a function of 
the wavelength. Bars correspond to different lateral modes of the cavity. The figure 
displays the spectral range where 

aZ <a<2aZ, (15) 

5 A rather narrow spectral range of ~ 14 nm demonstrates the possibility of efficient 
stabilization of the wavelength of the emitted light. 

Fig. 9 shows a laser (900) where the cavity (920) includes two layers: layer (906) 
in which the active region (907) is placed, and layer (916). These layers have different 

M refractive indices r\ and n 2 , respectively. For example, one layer (906) may have a high 

Q 

□ 10 refractive index while layer (916) has an intermediate refractive index. Alternatively, one 

hi 

p layer (906) has a low refractive index, while layer (916) has an intermediate refractive 

!, P index. Although the active region (907) is in layer (906) in the figure, it may be located in 

UJ either layer (906) or (916). In these examples, the topmost layer of the bottom reflector 

q (202) and the bottommost layer of the top reflector (210) preferably have a high refractive 

■U 15 index. 

|.4 
iU 

□ The path of a tilted optical mode comprises the path (913) within the layer (906), 

1 ^ and the path (915) within the layer (916), where both reflection and transmission of light 

occurs at the boundary between the two layers. The tilted optical mode is in resonance 
with both layers (906) and (916). Each of the layers (906) and (916) is preferably formed 
20 from a material, lattice-matched or nearly lattice-matched to the substrate, transparent to 
the emitted light, and undoped or weakly doped. 

Fig. 10 shows a laser (1000) where the cavity (1020) comprises two layers: the 
layer (1006) and the layer (1016) having different refractive indices and n 2 , 
respectively. The path of a titled optical mode includes a path (1013) within layer (1006) 
25 and a path (1015) within layer (1016). The active region (1007) is placed at the boundary 
between the layers (1006) and (1016). The tilted optical mode is in resonance with both 
layers (1006) and (1016). 
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To calculate radiative losses of the cavity of Fig. 10 we use the method described 
in detail in M. Born and E. Wolf, Principles of Optics (6th edition, Pergamon Press, 
(1980) pp. 1-70), and obtain 



<*ra d ~ 



(2) 



[l - r t exp(2af , A )J + r 2 exp(2^ (2) D 2 )]+ -fa [l + r x exp(2/*f ) D I )\l - r 2 exp(2i*< 2) D 2 ) 



(16) 



where r x and r 2 are amplitude reflection coefficients from the top and the bottom mirror, 
respectively. Minimum of the losses (16) occurs if, 



r x > 0, r 2 > 0, (1 - r x ) « 1, (1 - r 2 ) « 1, 2k { ?D x = Imp, 2kf ) D 2 = Imp , (17a) 



or 

r x < 0, r 2 < 0, (1 + r x ) « 1, (1 + r 2 ) « 1, 2k^D x = (2m, + 1)tt, 2/: z (2) D 2 = (2m 2 + Y)n , 

(17b) 

where and /r^ are integer numbers. Conditions of Eq. (17a) can be satisfied if the 
refractive index of the layer (1006) is higher than that of the topmost layer of the bottom 
multilayered reflector, and the refractive index of the layer (1016) is higher than that of the 
bottommost layer of the top multilayered reflector. Let the refractive index of the layer 
(1006) be n, , the refractive index of the layer (1016) be n 2 , and the multilayered reflectors 
comprise alternating sequences of the layers having refractive indices and n 3 . Then 
Eq.(17a) can be satisfied if r\ > n 3 and n 2 >n 3 . Conditions of Eq. (17b) can be satisfied 
if the refractive index of the layer (1006) is lower than that of the topmost layer of the 
bottom multilayered reflector, and the refractive index of the layer (1016) is lower than 
that of the bottommost layer of the top multilayered reflector, i.e. n, < n 3 and n 2 < n^. 
Each of these combinations of refractive indices may be realized by using semiconductor 
alloys of proper composition. E.g., for GaAs-based devices, a lattice-matched alloy Gai_ 
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x Al x As at a wavelength A =980 nm has a refractive index n(x) ~ 3.52 - 0.57 x . Thus, by 
adjusting alloy composition x , a necessary profile of the refractive index can be achieved. 

The z -components of the wave vectors in the two layers obey the following 
relations: 



Here k x is the x -component of the wave vector, which, for a given optical mode, is the 
same in the two layers. This component is different for different lateral modes. Resonance 
conditions of Eqs. (17a) or (17b) yield two equations for unknown wavelength A and the 
wave vector component k x . Thus, the optical mode is uniquely defined. 

Other embodiments of the present invention include microcavities comprising 
three or more layers having different refractive indices, in which the active layer can be 
placed both within one of the layers or at the boundary between two of the different layers. 

Fig. 11 shows the results of the model calculations of the radiative losses through 
the bottom and the top multilayered reflectors for the tilted modes, according to Eq. (16). 
In this example, a 0.5 A -0.5 A cavity includes a layer of GaAs having the refractive index 

nj = 3.52 and Ga Q 75 A1 0 25 As having the refractive index n 2 = 3.38 . The chosen tilted 

mode is the one with the tilt angle # = 72° , which is close to the angle of the total internal 
reflection on the boundary of two semiconductors (the latter equals 73.7° ). The thickness 
of the layers is D l = 451nm, and D 2 = 105 Inm. The amplitude reflection coefficients of 
the both bottom and top multilayered reflectors are 0.995. This structure is resonant for the 
optical mode with the wavelength A = 0.98 |xm. Fig. 11 demonstrates an extremely sharp 
resonance in the radiative losses with the width of AA = 1.4nm. 




(18a) 




2 



(18b) 
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Fig. 12 shows the radiative losses of the tilted optical modes of the cavity of Fig. 
10 where the modes are in the exact resonance with the layer (1006), i.e. k^D x = n , and 
different wavelengths correspond to different lateral modes of the cavity. The lateral 
dimension of the cavity was 300 (xm. This cavity is typical for edge-emitting lasers. The 
5 result of Fig. 12 demonstrates a single lateral mode close to the minimum of the radiative 
losses. This shows that it is possible to construct lasers generating only a single lateral 
mode. 

Fig. 13 displays the radiative losses of tilted optical mode for the cavity of Fig. 3 
where the tilt angle of the optical mode exceeds the angle of the total internal reflectance 
at the boundary between the cavity (320) and the bottom reflector (302) as well as at the 
boundary between the cavity (320) and the top reflector (310). Calculations were carried 
out for a GaAs cavity (refractive index n = 3.52 ) surrounded by cladding layers of 

Ga Q 7 A1 Q 3 As (refractive index n = 3.35). In this example, the thickness of the cavity is 
245 nm, the thickness of each cladding layer is 1400 nm, and the length of the cavity 
equals L = 50 Jim. At small and medium tilt angles, the losses are due mainly to the 
transmission of light through the bottom (302) and top reflectors (310). At large tilt angles, 
the losses are due mainly to the transmission of light through the side surface of the cavity. 
Fig. 13 displays a sharp minimum of the radiative losses at an angle = 72° . This minimum 
provides efficient selection of optical modes, which are generated by the given laser 
structure. 

Fig. 14 displays the radiative losses close to the minimum of a rad as a function of 
the wavelength. Bars correspond to different lateral modes of the cavity. The spectral 
range of the width of ~ 17 nm corresponds to the optical modes, the losses of which do not 
exceed twice the minimum losses. For all considered designs of the cavity, the light 
25 output from the tilted optical mode may be provided through both the top (and the bottom) 
reflector, as well as through the side surface. 

Fig. 15 shows another embodiment of the present invention, in which an absorbing 
element (1517) is placed on top of the top multilayered reflector (210), and an absorbing 
region (1518) is placed within the absorbing element (1517). Thus, the multilayered 
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reflector (210) provides the selection of the wavelength, at which the losses are minimum. 
Light transmitted through the top reflector (210), is absorbed by the absorbing region 
(1518). The absorbing region (1518) absorbs light transmitted through the reflector (210) 
to provide light output in the lateral direction. The light (1519) comes out of the laser 
through the side surface of the cavity, the laser thus operating as a wavelength-stabilized 
edge-emitting laser. 

In a variation of this embodiment, the absorbing element (1517) is sandwiched 
between the substrate (101) and the bottom reflector (202), and the absorbing layer (1518) 
absorbs light transmitted through the bottom reflector (202). In another variation, the light 
transmitted through the bottom (202) or the top reflector (210) is absorbed by contact 
layers. 

The feedback in the lateral direction of the tilted optical mode (1513) can generally 
be provided by any step or steps in the refractive index. For example, this may be the 
surface of the cavity, the interface between the cavity and dielectric coating, an etched 
reflector, or a grating fabricated on top of the top reflector. 

Fig. 16 shows another embodiment of the present invention, in which the top 
multilayered reflector (1610) is selectively etched (1621) thus promoting additional 
feedback in the lateral direction for the tilted optical mode (1613). The light (1619) comes 
out of the laser through the side surface of the cavity (420), thus operating as a 
wavelength-stabilized edge-emitting laser. This embodiment differs from the embodiment 
of Fig. 4 in the following ways. The selective etching (1621) may create a periodic 
modulation of the thickness of the top multilayered reflector (1610) thus promoting 
additional feedback in the lateral direction and enhancing the selectivity in the wavelength 
of the emitted light. On the contrary, the top aperture (414) of the embodiment of Fig. 4 is 
designed just to promote the output of light in the vertical direction. The output in the 
vertical direction can be realized by a single aperture, and a periodic etching of the top 
reflector is not necessary. 

Fig. 17 shows another embodiment of the present invention, in which a grating 
(1722) is fabricated on top of the top multilayered reflector (1710). The grating (1722) 



23 



promotes additional feedback in the lateral direction for the tilted optical mode (1713). 
The light (1719) comes out of the laser through the side surface of the cavity (420). 

Fig. 18 shows another embodiment of the present invention, in which the cavity 
(1820) comprises, in addition to the active element, a phase control element. The phase 
control element is a modulator surrounded on both sides by undoped or weakly doped 
layers, which are in turn surrounded by n- and p- contact layers. An electric field is used to 
the tune the refractive index of the modulator. Variations of the refractive index of the 
modulator change the wavelength of the resonant optical mode (1813). Thus a 
wavelength-tunable tilted cavity semiconductor laser is realized. 

To form the phase control element, two weakly doped layers (1826) surrounding 
the modulator (1827) are separated from the p-doped current spreading layer (108) by a 
third current aperture (103). A fourth current aperture (103) separates the weakly doped 
layer (1826) from a second n-doped current spreading layer (1828), with a third metal 
contact (1829). The phase control element operates under reverse bias (1831). 

The materials of the weakly doped layer (1826) and of the n-doped layer (1828) 
are preferably lattice-matched or nearly lattice-matched to the substrate and transparent to 
the emitted light. The weakly doped layer is preferably grown of the same material as 
layer (106), and the n-doped layer (1828) is preferably grown of the same material as the 
n-doped layer (104). The metal contacts (1829) are preferably formed from the same 
structure as the metal contact (105). 

The modulator (1827) can be formed by any insertion, the energy band gap of 
which is narrower than that of a substrate (101). Possible materials and structures are the 
same as for an active region, but the particular design should be such that the modulator 
exhibits a strong absorption peak on a high-energy side (on a shorter wavelength side) 
from the wavelength of the laser radiation. 

By applying reverse bias (1831) to the phase control element, the spectral position 
of the absorption peak is shifted due to the Stark effect. This leads to corresponding 
changes of the refractive index of the modulator in the spectral vicinity to the absorption 
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peak. Such a variation affects the resonant optical mode (1813) and results in a shift of the 
wavelength of emitted light. 

Typical embodiments of the tilted cavity laser of Fig. 18 include, but are not 
limited to, structures in which both the active region (107) and the modulator (1827) are 
placed at local maxima of the intensity of the tilted cavity mode (1827). More precisely, 
preferred positions must be calculated, by taking into account resonant variations of the 
absorption coefficient and refractive index of the modulator (1827), i.e., by exact solving 
of Maxwell's equations for the propagation of light in a multi-layered structure (as 
described, e.g., by M. Born and E. Wolf, Principles of Optics (6th edition, Pergamon 
Press, (1980) pp. 1-70)). 

Another embodiment of the wavelength-tunable tilted cavity laser is shown in Fig. 

19. An optical aperture (414) made by selective partial removal of layers of the top 
multilayered reflector is added to the laser. The optical aperture (414) provides the light 
from the resonant tilted optical mode (1913) to come out (1912) in the vertical direction. 

Another embodiment of the wavelength-tunable tilted cavity laser is shown in Fig. 

20. An absorbing element (1517) including an absorbing region (1518) is placed on top of 
the top reflector (210). The absorbing layer (1518) absorbs light transmitted through the 
reflector (210) to provide light output in the lateral direction. 

Yet another embodiment of a wavelength-tunable tilted cavity laser is shown in 
Fig. 21. This embodiment includes an active element and a phase control element with a 
modulator. A forward bias is applied to the phase control element. Forward bias (2132) 
results in the injection of carriers in the phase control region, the injection of electrons 
from the metal contact (2129) through the n-doped layer (2128) to the weakly doped layer 

(2126) and the modulator (2127), and the injection of holes from the metal contact (109) 
through the p-doped layer (108) to the weakly doped layer (2126) and the modulator 

(2127) . Variations of the refractive index of the modulator (2127) change the wavelength 
of the resonant optical mode (2113). Recombination of carriers in the modulator (2127) 
creates bleaching to reduce the exciton absorption peak, up to the vanishing of it and even 
creation of a second gain region in the system. 
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The material of the weakly doped layer (2126) is preferably lattice-matched or 
nearly lattice-matched to the substrate (101) and transparent to the emitted light. The 
weakly doped layer (2126) is preferably the same material as the layer (106). The material 
of the n-doped layer (2128) is preferably lattice-matched or nearly lattice-matched to the 
substrate (101) and transparent to the emitted light. The n-doped layer is preferably the 
same material and has the same donor impurities as for the n-doped layer (104). The metal 
contacts (2129) preferably have the same structure as the metal contact (105). 

The modulator (2127) can be formed by any insertion, the energy band gap of 
which is narrower than that of a substrate (101). Possible materials and structures are the 
same as for an active region, but the particular design should be such that the modulator 
exhibits a strong absorption peak on a high-energy side (on a shorter wavelength side) 
from the wavelength of the laser radiation. 

In a variation of this embodiment, an optical aperture sitting on top of the top 
reflector and providing the light output in the vertical direction is included. Another 
variation includes an absorbing element with an absorbing layer placed on top of the top 
reflector to provide light output in the lateral direction. 

Other embodiments of the wavelength-tunable tilted cavity lasers include those 
where the refractive index profile within the cavity is non-uniform in the vertical direction, 
including layers having different refractive indices, thus providing a high selectivity of the 
emitted wavelength, similar to the embodiments of Fig. 9 and Fig. 10. In one embodiment, 
the layers of the active element have one refractive index, and the layers of the phase 
control element have a different refractive index. In other embodiments, either the active 
element, the phase control element, or both comprise more than one layer having different 
refractive indices. 

Other embodiments of the wavelength-tunable tilted cavity laser include those 
where the phase control element is placed in the cavity sandwiched between the bottom 
reflector and the active element. Yet other embodiments of the wavelength-tunable tilted 
cavity laser include those where the phase control element is placed within the bottom or 
top reflectors. 
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Another embodiment is shown in Fig. 22, in which the micocavity (2220) includes 
an active element and a power modulating element. The power modulating element is an 
absorber surrounded from both sides by undoped or weakly doped layers, which are in 
turn surrounded by n- and p- contact layers. The absorbing layer is a layer exhibiting a 
narrow absorbing spectra with a moderate peak absorption, such that its influence on the 
refractive index is negligibly small. An electric field is used to tune the spectral position of 
the absorption peak and thus to shift it closer to or away from the spectral line of emitted 
light. Thus the internal optical losses of the resonant optical mode are modulated, resulting 
in a modulation of the output power. 

To form the power modulating element, two weakly doped layers (2226) 
surrounding the modulator (2227) are separated from the p-doped current spreading layer 
(108) by a third current aperture (103). A fourth current aperture separates the weakly 
doped layer (2226) from a second n-doped current spreading layer (2228), with a third 
metal contact (2229). The power modulating element operates under reverse bias (2231). 

The materials of the weakly doped layer (2226) and of the n-doped layer (2228) 
are preferably lattice-matched or nearly lattice-matched to the substrate and transparent to 
the emitted light. The weakly doped layer is preferably grown of the same material as 
layer (106), and the n-doped layer (2228) is preferably grown of the same material as the 
n-doped layer (104). The metal contacts (2229) are preferably formed from the same 
structure as the metal contact (105). 

The modulator (2227) can be formed by any insertion, the energy band gap of 
which is narrower than that of a substrate. Possible materials and structures are the same 
as for an active element, but the particular design should be such that the modulator 
exhibits a moderate or weak absorption peak on a high-energy side (on a shorter 
wavelength side) from the wavelength of the laser radiation. 

By applying reverse bias (2231) to the power modulating element, the spectral 
position of the absorption peak is shifted due to the Stark effect. Since the absorption peak 
is rather weak, its effect on the variation of the refractive index and on the wavelength of 
the emitted light is negligible. The shift of the absorption peak closer to or away from the 
spectral position of the emitted light leads to an increase or decrease of the internal losses 
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of the resonant optical mode (2213), respectively. Thus the output power is modulated, 
and a power-tunable tilted cavity laser is realized. 

A variation of this embodiment includes an optical aperture on top of the top 
reflector, thus providing the light output in the vertical direction. Another variation 
includes a second absorbing element with an absorbing layer placed on top of the top 
reflector to provide the light output in the lateral direction. 

In another embodiment of the power-tunable tilted cavity laser, the power 
modulating element operates under a forward bias. This results in a bleaching thus 
reducing the exciton absorption peak and increasing the output power of the laser. In yet 
another embodiment, the power modulating element is placed within the bottom or top 
multilayered reflectors. 

Fig. 23 shows another embodiment of the tilted cavity laser. The difference from 
the embodiment of Fig. 18 is that the cavity (2320) comprises, along with the active 
element and the phase control element, a power modulating element sandwiched between 
the phase control element and the top reflector. In this embodiment, the power modulating 
element operates under a forward bias (2331). This embodiment realizes an independent 
modulation of both the wavelength of the emitted light and the output power. 

The power modulating element comprises weakly doped layers (2226), a 
modulator (2227), and a p-doped current spreading layer (2328). The p-doped current 
spreading layer (2328) is preferably formed from a material, lattice-matched or nearly 
lattice-matched to the substrate and transparent to the emitted light. The layer (2328) is 
preferably formed from the same material as the p-doped layer (108). The metal contacts 
(2329) are preferably formed from the same structure as the metal contact (109). 

By applying bias (1831) to the phase control element, and bias (2331) to the power 
modulating element, an independent tuning of the wavelength of the emitted light and of 
the output power is realized. 

Fig. 24 shows another embodiment of the tilted cavity laser. The cavity (2420) 
comprises a n-doped current spreading layer (104), a weakly-doped or undoped 
confinement layer (106) comprising an active region (107), a p-doped current spreading 
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layer (108), weakly doped or undoped layers (2432) and (2434), and a modulator (2433). 
The light in the tilted optical mode (2413) passes through both the active region (107) and 
the modulating layer (2433). Unlike the embodiments of Figs. 18-23, applying a bias on a 
modulator is not necessary. Fig. 25 illustrates the principle of operating of the laser shown 
in the embodiment of Fig. 24. The modulator (2433) is a layer exhibiting a resonant 
absorption of light (2536) at larger photon energies than the emitted light (2535) (Fig. 
25(a)). The absorption peak results in a strong dispersion of the refractive index in the 
vicinity of the absorption peak (Fig. 25(b)). The laser operation typically leads to an 
increase of temperature of the laser structure and to corresponding variations of the 
refractive indices of all semiconductor layers. The main reason is the decrease of the 
energy band gap with temperature. Correspondingly, the position of the absorption peak of 
the modulator is shifted at T 2 > T x towards lower photon energies (2537) (Fig.25(c)). The 
laser is designed such that the spectral position of the emitted light (2535) lies in the 
spectral region, in which the refractive index of the modulator decreases with the photon 
energy. The refractive index of the modulator (2433) at the energy of the emitted light 
decreases with the increase of temperature (Fig.25(d)). All other layers comprising the 
cavity (2420) are far from the resonance with the emitted light, and their refractive indices 
increase with an increase in temperature. Thus, a resonant decrease of the refractive index 
of a thin modulating layer (2433) may compensate a non-resonant increase of the 
refractive index of all other layers of the cavity (2420). This enhances the temperature 
stability of the wavelength of the emitted light. 

Layers (2432) and (2434) are preferably formed from a material, lattice-matched to 
the substrate, and transparent to the emitted light. A particular embodiment includes, but is 
not limited to, layers made from the same material as the substrate (101). The modulator 
layer (2433) is preferably formed by any insertion, the energy band gap of which is 
narrower than that of the substrate (101). Possible modulators include, but are not limited 
to, a single-layer or a multi-layer system of quantum wells, quantum wires, quantum dots, 
or any combination thereof. In a device on a GaAs-substrate, examples of the modulator 
(2433) include, but are not limited to, a system of insertions of In As, In, x Ga x As, In x Ga, x . 
Al As, In Ga. As. N or similar materials. 

y y x i -a i-y y 
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Another embodiment of the present invention is shown in Fig. 26. The concept of 
the tilted cavity device is used in a photodetector. Unlike the tilted cavity laser shown in 
Fig. 4, the photodetector of Fig. 26 operates under a reverse bias (261 1). External light 
(2638) diffracts at the aperture (2614). The bottom (202) and the top (2610) multi-layered 
resonant reflectors define a tilted optical mode (2613) of the cavity (2620). This design 
gives a photodetector that absorbs selectively external light that is in resonance with the 
tilted optical mode (2613). Absorption of light by the absorbing region (2607) results in 
generation of a photocurrent, which is measured by a microampermeter (2639). 

Possible realizations of the absorbing region (2607) include, but are not limited to, 
a single-layer or a multi-layer system of quantum wells, quantum wires, quantum dots, or 
any combination thereof. In a case of the device on a GaAs-substrate, examples of the 
absorbing region (2607) include, but are not limited to, a system of insertions of InAs, In,. 
x Ga x As, In x Ga L xy Al y As, In x Ga lx As ly N y or similar materials. 

Fig. 27 shows another embodiment of the present invention, in which the external 
light (2740) comes through the side surface, excites the tilted optical mode (2713) of the 
cavity (2720), is absorbed by the absorbing region (2607), and generates photocurrent, 
which is measured by a microampermeter (2639). 

Fig. 28 shows another embodiment of the present invention. This is an amplifier 
using the concept of a tilted cavity optical mode. The optical cavity (2820) is placed 
between the bottom multi-layered resonance reflector (2802) and the top multi-layered 
resonant reflector (2810). The structure comprises a sequence of an n-contact (2805), an n- 
doped substrate (2801), an n-doped bottom multi-layered resonant reflector (2802), an n- 
doped layer (2804), an undoped or a weakly doped confinement layer (2806), in which an 
active region (2807) is placed, a p-doped layer (2808), a p-doped top multi-layered 
resonant reflector (2810), and a p-contact (2809). Unlike the other embodiments of the 
present invention, the substrate (2801) and the bottom reflector (2802) are n-doped, the top 
reflector (2810) is p-doped, and the contacts (2805) and (2809) are placed below the 
substrate (2801) and above the top reflector (2810), respectively. Forward bias (2811) is 
applied to the active region (2807) via the contacts (2805) and (2809). The cavity (2820), 
the bottom multi-layered reflector (2802) and the top reflector (2810) are designed such 
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that a tilted optical mode (2813) is the resonant mode of the structure. The top contact 
(2809) is rotated in the lateral plane with respect to the lateral direction of propagation of 
light in the resonant optical mode, so that no feedback in the lateral direction occurs. Thus, 
the device does not work as a laser. Upon a forward bias (281 1) applied to the active 
region (2807), the device works as an amplifier. The input light (2841) transforms into a 
resonant tilted cavity mode (2813) and light comes out (2842) with an increased intensity. 
The transformation of the incident light into the tilted optical mode (2813) and the 
transformation of the latter into the outgoing light (2842) create an amplifier with a high 
selectivity in the wavelength of light. 

The substrate (2801) is preferably formed from the same material as the substrate 
(101) of the other embodiments of the present invention and is transparent to the incident 
light, but is preferably n-doped. The bottom multi-layered reflector (2802) is preferably 
formed from alternating layers of high and low refractive indices of materials, transparent 
to the incident light, lattice-matched or nearly lattice matched to the substrate, and n- 
doped. Typical designs include, but are not limited to, a multi-layered semiconductor 
mirror GaAs/Ga lx Al x As for devices on GaAs substrate or a multilayered structure of a 
quaternary alloy In x Ga l x y Al y As with alternating composition for devices on an InP 
substrate, all layers being n-doped. The layer (2804) is preferably formed from a material, 
lattice-matched, or nearly lattice matched to the substrate, transparent to the incident light, 
and is n-doped. 

The confinement layer (2806) is preferably formed from any material, lattice- 
matched or nearly lattice matched to the substrate, transparent to the incident light, and 
undoped or weakly doped. In preferred embodiments, the confinement layer (2806) is 
formed from the same material as the substrate (2801), but is undoped or weakly doped. 
The layer (2808) is preferably formed from a material, lattice-matched or nearly lattice 
matched to the substrate, transparent to the incident light, and p-doped. 

The top multi-layered reflector (2810) is preferably formed from alternating layers 
of high and low refractive indices of materials, transparent to the incident light, and p- 
doped. Typical design includes layers formed from the same materials as those of the 
bottom reflector, but p-doped. 
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The active region (2807) is preferably formed by any insertion, the energy band 
gap of which is narrower than that of the substrate (2801). Possible active regions (2807) 
include, but are not limited to, a single-layer or a multi-layer system of quantum wells, 
quantum wires, quantum dots, or any combination thereof. In a device on a GaAs- 
substrate, examples of the active region (2807) include, but are not limited to, a system of 
insertions of InAs, In, x Ga x As, In x Ga,. x . y Al y As, In x Ga, x As ly N y or similar materials. 

The n-contact (2805) is preferably made from the same material as n-contacts 
(105) of the other embodiments of the present invention. The p-contact (2809) is 
preferably made from the same material, as p-contacts (109) of the other embodiments of 
the present invention. 

Variations of a tilted cavity laser with an independent tuning of the wavelength of 
emitted light and the output power are possible, where both the phase control element and 
the power modulating element operate under both the reverse and the forward bias. In 
another embodiment, an optical aperture is placed on top of the top reflector to provide 
light output in the vertical direction. Another embodiment has a second absorbing element 
including an absorbing layer placed on top of the top reflector to provide light output in 
the lateral direction. In other variations, the cavity comprises more than one layer having 
different refractive indices. 

In alternative embodiments of the present invention, only a part of the laser 
structure is formed from a tilted cavity. Additional embodiments where the active region 
and the tilted cavity are spatially separated and are placed in different parts of the laser 
structure are also encompassed by the present invention. Another embodiment of the 
present invention comprises an optical fiber having a multilayered coating. The 
multilayered coating is designed such that only light in a certain interval of wavelengths 
can propagate, thus providing a wavelength-stabilized system. 

Alternative embodiments of the present invention are related to the physical nature 
of the total internal reflection. The total internal reflection of light at the boundary between 
the two media implies that the light coming from the first medium to the boundary is 
reflected back to the same first medium and does not propagate in the second medium. 
This is related, however, only to the far field in the second medium, where light vanishes. 
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In the near field zone, close to the boundary, light is present in a form of evanescent 
electromagnetic wave, which exhibits an exponential or an oscillatory decay away from 
the boundary. In this near field zone light can be coupled to one another medium and 
guided away from the boundary. 

For example, it is possible to cover at least one side surface of a tilted cavity by a 
single-layer or a multiple-layer coating. Such coverage modifies transmission of light 
through the side surface from the tilted cavity. By varying a number of layers in the 
coating, their thickness and refractive indices, it is possible to control the light output in 
the lateral direction. 

Another possibility is related to the light output through the top or facet reflector. 
By attaching one or a few optical fibers in the vicinity or directly on the top surface of the 
top reflector or close to the side facet, light from the resonant tilted optical mode of the 
tilted cavity undergoes diffraction at the optical fiber aperture and propagates along the 
fibers. 

For each of the described embodiments of a tilted cavity semiconductor laser, 
photodetector, or amplifier, the preferred sequence of the elements, the thickness of each 
layer, the design of the cavity, reflectors and modulators are obtained as a result of the 
optimization providing the preferred interplay between the strongest stabilization of the 
emitted wavelength, maximum output power, and, if necessary, maximum tunability of the 
wavelength and power of emitted light. 

Although the invention has been illustrated and described with respect to 
exemplary embodiments thereof, it should be understood by those skilled in the art that the 
foregoing and various other changes, omissions and additions may be made therein and 
thereto, without departing from the spirit and scope of the present invention. Therefore, 
the present invention should not be understood as limited to the specific embodiments set 
out above but to include all possible embodiments which can be embodied within a scope 
encompassed and equivalents thereof with respect to the features set out in the appended 
claims. 



